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1. Introduction 
One of the major needs of thin film device industry has been the deposition of films with 
smooth and dense surfaces. Ion Beam Sputter Deposition (IBSD) technique facilitates 
deposition of ultra-smooth thin films with high packing density and excellent film-
substrate adhesion. It also has an additional advantage as independent control over 
fundamental deposition parameters such as ion energy and ion flux can be easily 
excercised [1-4]. However, it has a major point to disadvantage of slow growth rates 
which needs to be overcome by assisting the deposition with low energy ions. Low 
energy ion assistance during IBSD process provides additional activation energy to the 
growing film and accelerates the nucleation by creating more sites which in turn hastens 
the growth and subsequent coalescence [5-7].  Hence ion assisted deposition (IAD) alters 
the kinetics of thin film growth in such a way that the film gets densified with 
substantially improved structural stability. Considering these facts, it becomes essential to 
reconceptualize the different growth mechanisms encountered at different stages when 
ion beam induced sputtering is simultaneously assisted by low energy ions. 
Dynamic Scaling Theory (DST) reliably assesses growth mechanism of thin films 
[8, 9]. This theory propounds that how and up to what extent, the effects of certain 
surface phenomena like plastic flow, condensation, evaporation and diffusion are altered 
during the course of low energy ion assisted film growth. These phenomenological 
informations derived from DST application can quantatively account for enhanced film 
density and stability. In conventional dynamic scaling theory, scaling behavior is 
propounded in terms of Family-Vicsek relation [10] described below. We have already 
applied DST formalism to explain growth of Al films. However, for the sake of 
completeness, the governing equations are being out lined [11]. 
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Here, ξ is the interface width, L is the length scale over which the roughness is 
measured, t is the time of growth. α and β are static and dynamic scaling exponents, 
respectively. z equals α/β.  
The autocorrelation function G (|r|) with static scaling exponent „α‟ is 
approximated as: 
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The Fourier transform of equation (2) yields power spectral density function 
(PSD) g(│q│): 
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where d, in our case, represents line scan direction and equals unity. 
To model our data we have used a fitting function similar to one used by William 
M. Tong et.al. which is expressed as [12]: 
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Where the q-coefficients    are simply fitting parameters and n takes the values 1,2,3,4. 
The q-coefficients can acquire either positive or negative values which will 
determine whether the process will be a roughening and smoothening one respectively. 
According to Herring [13], four normally encountered smoothening mechanisms are 
plastic flow (n = 1), evaporation-recondensation (n = 2), bulk diffusion (n = 3) and 
surface diffusion (n = 4). 
In this study we have explored the change in appearance and prevalence of certain 
surface phenomena at each stage of growth of AlN thin films deposited through reactive 
assistance of N2 plasma.  The method of calculation used here is similar to one used in 
our previous study related to growth kinetics of Al thin films, although no energy or 
reactive assistance was provided [11]. AlN which is a III-V family compound exhibits 
synergistic combination of physical, chemical and mechanical properties. These property 
attributes have made this material indispensable in several technical applications 
pertaining to thin films, devices and sensors. 
In the light of the above implications, we have been motivated to unravel kinetics 
of reactive ion assisted ion beam sputtered growth of AlN thin films. This constitutes 
subject matter of present work where in DST formalism has been resorted for dealing 
with the governing surface related phenomena. 
2. Experiment 
AlN-thin films investigated in this study were grown by IBSD on Si  
(100) substrate. IBSD system essentially consists of a main deposition chamber and a 
load lock chamber equipped with a substrate transfer rod. The main deposition chamber 
is equipped with an RF ion beam source with capability to deliver ions in the energy 
range 100eV – 2KeV. Then extracted ions are used to sputter the target. An assisted ion 
source is used concomitantly to assist the sputter deposition process in both reactive 
and/or non-reactive ways with ions delivered in the range 80 eV to 300 eV. Quartz crystal 
monitor, residual gas analyzer, substrate heater, substrate rotator and other high vacuum 
measuring gauges are also provided to enable systematic monitoring of deposition 
process [11]. Prior to deposition Si (100) substrates were cleaned by RCA-1 process [14].  
Deposition of AlN-thin films was carried out at a base pressure of 4x10
-6
 mbar. 
Working pressure of the chamber was maintained at 2x10
-4
 mbar while substrate 
temperature was kept constant at 500
o
C. Films were grown for 3, 5, 8 and 15 minutes. 
During deposition, the metal atom flux was supplied by sputtering Al target with an inert 
ion beam of Ar
+
 ions having energy of 500 eV. Reactive assisted flux of N2 plasma was 
provided by an ion assisted source operated at energy of 100 eV. 
Surface morphology of deposited films was analyzed using an Atomic Force 
Microscope (AFM) (Ntegra Prima of M/s NT-MDT, Russia) in semi-contact mode. Si-tip of 
radius 35 nm was used to scan 1x1 µm
2
 area at several places over a 10mm X 10mm film 
surface. Root mean square of surface heights at different points on the film surface was 
taken as roughness value of the film. To improve the statistics and representivity, images 
and roughness line profiles were acquired at several points on the film surface. 
Static scaling exponent “α” was calculated by log-log plot of interfacial width (ξ) 
and scan length (L) belonging to each of film. Dynamic scaling exponent “β” was 
obtained from the slope of the curve generated by log-log plot of rms surface roughness 
(δ) vs. deposition time (t). The autocorrelation function ( (   )) and power spectral 
density PSD expressed as g(q), was used to differentiate between roughening and 
smoothening  phenomena occurring on the film surface. This approach is similar to the 
one used for our previous study [11]. 
3. Results and Discussions 
Figure. 1 shows atomic force micrographs of AlN thin films grown by IBSD for different 
time durations of 3 minutes, 5minutes, 8 minutes and 15 minutes in reactive assistance of 
N2 plasma. It is inferred well from these micrographs that low energy ion/surface 
interaction modifies microstructure of the film by altering surface phenomena prevailing 
at different growth stages. Figure 1(A) shows that small cone shaped nuclei nucleates at 
the substrate surface after a deposition duration of 3 minutes. It is clearly seen in the 
micrograph that number density of nuclei increases in the courses of reactive assistance 
of N2 plasma. The nucleation process is found to be accelerated as compared to the case 
where there is no provision of reactive assistance [7]. With increase in deposition time to 
5 minutes, the nuclei grew more rapidly in number than in size. Further assistance of N2 
plasma at high substrate temperature, accelerates the coalescence stage of films growth 
there by turning the film into a continuous one. This is observed after a deposition of 8 
minutes. This further indicated that reactive assistance of N2 plasma increased the 
number density of small cone shaped clusters substantially as compared to the situation 
where Al thin film was grown without any ion assistance [7]. A densely packed AlN thin 
film was encountered after deposition duration of 15 minutes.  
 Representative line profiles of the surfaces after laps of corresponding deposition 
times are shown in figure. 2. It is observed that height fluctuations and lateral aggregation 
among these cone shaped clusters are two pragmatic parameters to investigate the surface 
growth occurring over each deposition time. For a 3 minute deposition duration, tiny 
nuclei represented by small height amplitudes and spatial coverage appearing on the 
substrate surface were well separated from each other. As the deposition time was 
increased to 5 minutes, frequency of their appearance also increased and their number 
density increased more in pronounced manner compared to the spatial coverage.  Height 
amplitudes and spatial coverages of the peaks were found to increase significantly for an 
8 minute deposition duration while after 15 minutes of deposition, the film became 
continuous as all the peaks appearing in the corresponding line profile are found to 
average out.  
According to dynamic scaling theory, static scaling exponent „α‟ can be 
calculated by plotting log(ξ) vs. log(L) which is shown in figure 3 for each deposition 
time. It is observed from the graphs that ξ increases with increase in the length scale L 
and after a certain critical length Lc, ξ gets saturated. This saturated value of ξL represents 
the rms roughness „δ‟ of the surface under investigation. In the early stages of film 
growth, α = 0.62 governs the evolution of surface roughness upto a critical length of Lc = 
600 nm after which a saturated value of rms surface roughness δ = 1.99 nm is achieved. 
This is shown in figure 3(A). As the deposition time is increased to 5 minutes, „α‟ 
decreased significantly to 0.46 having same Lc but δ increased to 2.15 nm as shown in 
figure 3(B).  Figure 3(C) shows that for a deposition time of 8 minutes, „α‟ further 
decreases to 0.36 along with a decrease in Lc to 550 nm. This is despite the fact that the 
associated rms value of roughness „δ‟ of the surface increases to 3 nm as assisting 
nitrogen ions get more time to interact with the surface where by more energy to the 
arriving flux of atoms is added which enhances surface diffusion. When deposition was 
carried out for longer duration of 15 minutes, evolution of the surface is governed by 
even smaller α = 0.32 with a corresponding decrease in Lc to 450 nm. But rms roughness 
„δ‟ is found to increase further to 3.42 nm as a consequence of N2 plasma assistance 
which transfers additional energy to surface and arriving atoms so that their mobility on 
the surface is enhanced. This enhanced mobility allows atoms to occupy different sites 
which causes superior coverage and producing denser film formation. Figure 4 shows 
how static scaling exponent „α‟ decreases as the deposition time is increased. Dynamic 
scaling exponent „β‟ of the film is calculated from the slope of log(δ) vs. log(t) curve 
shown in figure 5. It is clearly observed from the graph that there is a gradual increase in 
rms value of roughness δ of the film which is governed by β = 0.36. 
Height correlation across lateral direction on all the samples was predicted by    
autocovariance function G(|r|) as shown in figure 6. Figure (7) is the Fourier transform of 
the equation (2) which represents power spectral density g(q) or PSD. To identify the 
controlling step from a host of material surface related phenomenological events like 
plastic flow, evaporation-condensation, bulk and surface diffusions which govern the 
growth of AlN thin films to different extents at each deposition time, g(q) given in 
equation (3) was fitted with equation (4).  n = 1,2,3,4 in equation (4) represent above 
phenomenona usually constitutes dominant mode of thin film growth at a given set of 
process conditions. 
Figure 8 shows the fitting of experimentally obtained g(q) in equation (3) with 
equation (4).  Sign of the parameters ξn as shown in table.2, decides whether a given 
phenomenoa corresponding to a particular n-value will be dominant either as 
smoothening or a roughening phenomenon. The fits for all four data sets in figure 8 
consistently indicate that the phenomenon corresponding to n = 2 and n = 4 are primary 
roughening processes. The surface diffusion (n = 4) is the dominating one while 
evaporation and recondensation (n = 2) also contribute significantly to the evolution of 
surface morphology.  Phenomena corresponding to n = 1 and n = 3 are primary 
smoothening processes where bulk diffusion (n = 3) dominates over plastic flow (n = 1). 
Nonetheless, these aspects do contribute to evolution of surface morphology.  
4. Conclusion 
Reactive dual ion beam sputter deposition of AlN thin films was carried out for the 
analysis of surface growth characteristics by Atomic Force Microscopy. The variation of 
roughness as a function of deposition time was analysed by Dynamic Scaling Theory 
(DST). Two distinct exponents (static and dynamic) were used to unravel the film growth 
characteristics. 
Following inferences were arrived from the studies: 
i) Small cone shaped nuclei and clusters of AlN can be grown for 3 minutes and 5 
minutes depositions, respectively, under the same deposition parameters. 
ii). As the deposition time increased, static scaling exponent „α‟ decreased gradually     
and substrate surface coverage was increased which is indicated by a decrease in critical 
length Lc. 
iii). The rms roughness of the film was increased from 1.99 to 3.42 nm as the deposition 
time was increased from 3 minutes to 5 minutes. This is represented by Dynamic scaling 
exponent „β‟ which was calculated from the slope of log(δ) vs. log(t) curve shown in 
figure 5. 
iv). Surface diffusion (n = 4) becomes the major roughening phenomenon while 
evaporation recondensation (n = 2) also contributes significantly towards the evolution of 
surface morphology. 
v). Bulk diffusion (n = 3) turns into the dominating smoothening phenomenon while 
plastic flow (n = 1) also contributes to smoothen the surface. 
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Figure.1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Representative 3D AFM images (1 X 1 µm
2
) of the evolution of surface morphology for the 
films grown for different deposition times as, (A) 3 minutes, (B) 5 minutes, (C) 8 minutes 
and (D) 15 minutes. 
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Representative line profiles across the sample surface for different deposition times 
 
 
 
 
 
  
Figure. 3 
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 Plot of the interface width of the substrate surface as a function of length scale for several 
different growth times varied as (A) 3 minutes (B) 5 minutes (C) 8 minutes and (D) 15 minutes. 
 
 
Figure. 4 
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Variation of α–exponents obtained for different deposition times. 
Figure. 5 
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Variation of δ obtained for different deposition times 
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Autocovariance function for different deposition times depicting how heights are co-related at 
different points across lateral direction 
Figure. 7 
0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
0.0
2.0x10
5
4.0x10
5
6.0x10
5
8.0x10
5
1.0x10
6
1.2x10
6
1.4x10
6
15 min.
8 min.
5 min.
 
 
g
(q
) 
(n
m
4
)
q (nm-1)
3 min.
 
Spectral power density obtained corresponding to different deposition times an verifying critical 
lengths obtained for each deposition time. 
Figure. 8 
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Fitting of experimentally obtained g(q) with equation (7) for different deposition times indicating 
towards dominating roughening/smoothening phenomenons. The data are presented as log–log 
plots where (A) 3 minutes, (B) 5 minutes, (C) 8 minutes and (D) 15 minutes. 
 
 
 
 
 
 
 
Table-1 
Deposition Time ‘t’ 
(in min.) 
 
α LC 
(in nm) 
δ 
(in nm) 
3 0.62 
 
600 1.99 
5 0.46 
 
600 2.15 
8 0.36 
 
550 3.0 
15 0.32 450 3.42 
 
 
 
Table-2 
Deposition 
Time 
(minutes) 
Ω (X 105) ξ 1(X 10
3
) ξ 2(X 10
6
) ξ 3(10
8
) ξ 4(X 10
10
) 
3 1.6 -1.9 2.1 -7.6 3.1 
5 1.5 -2.2 2.6 -10.3 9.2 
8 2.1 -2.1 2.2 -8.1 7.0 
15 1.8 -1.8 1.5 -4.6 3.3 
 
 
 
 
